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Description 

[MULTI-LEVEL MEMORY CELL] 

Background of Invention 
[0001] Field of the Invention 

[0002] j ne present invention relates to a semiconductor device. 

More particularly, the present invention relates to a multi- 
level memory cell. 

[0003] Description of the Related Art 

[0004] Electrically erasable programmable read-only memory 

(EEPROM) is a type data storage device that allows multi- 
ple data writing, reading and erasing operations. In addi- 
tion, the stored data will be retained even after power to 
the device is removed. With these advantages, it has been 
broadly applied in personal computers and electronic 
equipment. 

[0005] a typical EEPROM has a floating gate and a control gate 

fabricated using doped polysilicon. When electrons are in- 
jected into the floating gate during a programming opera- 
tion, the electrons distribute evenly within the polysilicon 



floating gate layer. However, if the tunneling oxide layer 
underneath the polysilicon floating gate layer contains 
some defects, a leakage current may flow from the device 
and compromise the reliability of the device. 

[0006] jo prevent the flow of a leakage current, an EEPROM with 
a stacked gate structure having an oxide/nitride/oxide 
(ONO) composite layer known as a SONOS read-only 
memory is currently used. Here, the silicon nitride layer 
replaces the polysilicon floating gate as the charge- 
trapping layer. Because electrons are injected into the sili- 
con nitride layer mainly through a localized region, the 
leakage current is less sensitive to any defects in the tun- 
neling oxide layer. 

[0007] Fig. 1 is a schematic cross-sectional view of a conven- 
tional SONOS read-only memory (ROM) cell. As shown in 
Fig. 1, the SONOS ROM cell includes a substrate 100, a 
composite layer 114 that includes a silicon oxide layer 
102, a silicon nitride layer 104 and a silicon oxide layer 
106 (ONO), a gate 108, a pair of spacers 110, a channel 
118 and a pair of source/drain regions 112. The silicon 
oxide layer 102, the silicon nitride layer 104 and the sili- 
con oxide layer 106 constituting the composite layer 114 
are sequentially formed over the substrate 100. The gate 



108 is formed over the composite layer 114. The gate 108 
and the composite layer 114 together form a gate struc- 
ture 116. The spacers 110 are positioned on the sidewalls 
of the gate structure 116. The source/drain regions 112 
are formed in the substrate 100 on each side of the gate 
structure 116. The channel 118 is formed in an area un- 
derneath the silicon oxide layer 102 between the source/ 
drain region 112. 

[0008] jo program data into the aforementioned SONOS ROM 
cells, the so-called Fowler-Nordheim tunneling effect is 
utilized. First, a voltage is applied to the gate 108 so that 
a large electric field is setup between the gate 108 and 
the substrate 100. The electric field induces the electrons 
in the substrate 100 to inject from the channel 118 
through the tunneling dielectric layer 102 into the charge- 
trapping layer 104, thereby increasing the threshold volt- 
age of the transistor. In this way, a single bit of data is 
programmed into a memory cell. 

[0009] | n a conventional SONOS ROM, a single bit of data is 

stored within each memory cell. However, with the expan- 
sion of computer software applications, the need for high 
storage capacity memory increases exponentially. To pro- 
duce a deep sub-micron memory with a large memory ca- 



pacity, the structure and some of the steps for forming 

the SONOS ROM must somehow be modified. 
Summary of Invention 



[0010] Accordingly, at least one objective of the present inven- 
tion is to provide a multi-level memory cell with a larger 
memory capacity. 

[0011] jo achieve these and other advantages and in accordance 
with the purpose of the invention, as embodied and 
broadly described herein, the invention provides a multi- 
level memory cell. The multi-level memory cell includes a 
substrate, a tunneling dielectric layer, a charge-trapping 
layer, a top dielectric layer, a gate and a pair of source/ 
drain regions. The tunneling dielectric layer, the charge- 
trapping layer and the top dielectric layer made from sili- 
con oxide, silicon nitride and silicon oxide material re- 
spectively are sequentially formed over the substrate. The 
tunneling dielectric layer has a thickness between 20A to 
40A so that charges may tunnel from the substrate into 
the charge-trapping layer through the Fowler-Nordheim 
tunneling effect. The charge-trapping layer has a thick- 
ness between 40A to 60A for capturing and holding 
charges. 

[0012] The top dielectric layer has at least two portions with each 



portion having a different thickness. When a voltage is ap- 
plied to the gate, different electric field strength is set up 
between the gate and the substrate in each portion. With 
different electric field strength in each portion, the 
amount of charges that can be accommodated within the 
charge-trapping layer will be different. Therefore, a single 
memory cell can register multiple data bits. 

[0013] | n addition, the tunneling dielectric layer, the charge- 
trapping layer and the top dielectric together with the gate 
form a gate structure. Furthermore, spacers are formed on 
the sidewalls of the gate structure. The spacers are fabri- 
cated using an insulating material such as silicon oxide. 
The source/drain regions are formed in the substrate on 
each side of the gate structure. 

[0014] with the top dielectric layer of the multi-level memory cell 

hsa at least two portions, the amount of charges stored in 
the charge-trapping layer of each portion is different. 
Hence, each memory cell can be activated by a group of 
different threshold voltage values so that multiple data 
bits are registered. In other words, the storage capacity of 
each memory cell is increased. 

[0015] it is to be understood that both the foregoing general de- 
scription and the following detailed description are exem- 



plary, and are intended to provide further explanation of 

the invention as claimed. 
Brief Description of Drawings 



[0016] The accompanying drawings are included to provide a 

further understanding of the invention, and are incorpo- 
rated in and constitute a part of this specification. The 
drawings illustrate embodiments of the invention and, to- 
gether with the description, serve to explain the principles 
of the invention. 

[0017] Fig. 1 is a schematic cross-sectional view of a conven- 
tional SONOS read-only memory (ROM) cell. 

[0018] pigs. 2A through 2F are schematic cross-sectional views 
showing the steps for fabricating a multi-level memory 
cell according to one preferred embodiment of this inven- 
tion. 

[0019] pig. 3 is a schematic cross-sectional view of a multi-level 

memory cell according to another preferred embodiment 

of this invention. 
Detailed Description 

[0020] Reference will now be made in detail to the present pre- 
ferred embodiments of the invention, examples of which 
are illustrated in the accompanying drawings. Wherever 



possible, the same reference numbers are used in the 
drawings and the description to refer to the same or like 
parts. 

[0021] pigs. 2A through 2F are schematic cross-sectional views 
showing the steps for fabricating a multi-level memory 
cell according to one preferred embodiment of this inven- 
tion. As shown in Fig. 2A, a substrate 200 such as a P- 
type semiconductor substrate is provided. A tunneling di- 
electric layer 202 having a thickness between 20A to 40A 
is formed over the substrate 200. The tunneling dielectric 
layer 202 is a silicon oxide layer formed, for example, by 
performing a chemical vapor deposition process. Since the 
tunneling dielectric layer 202 is fabricated using silicon 
oxide material, the tunneling dielectric layer 202 is also 
referred to as a bottom oxide layer. Thereafter, a charge- 
trapping layer 204 having a thickness between 40A to 60A 
is formed over the tunneling dielectric layer 202, for ex- 
ample, by performing a chemical vapor deposition pro- 
cess. The charge-trapping layer 204 is fabricated using 
silicon nitride or other materials that have a charge trap- 
ping capability. 

[0022] As shown in Fig. 2B, a top dielectric layer 206 is formed 
over the charge-trapping layer 204, for example, by per- 



forming a chemical vapor deposition process using silicon 
oxide. Since the top dielectric layer 206 is fabricated using 
silicon oxide as material, the top dielectric layer 206 is 
also referred to as a top oxide layer. The top dielectric 
layer 206 is divided into a plurality of portions. Two por- 
tions labeled A and B are shown in Fig. 2B. Thereafter, a 
etching back process or a repetition of the chemical vapor 
deposition process is carried out so that the top dielectric 
layer 206 has different thickness in portion A and portion 
B. 

[0023] As shown in Fig. 2C, a doped polysilicon layer 208 is 
formed over the top dielectric layer 206. The doped 
polysilicon layer 208 is formed, for example, by perform- 
ing a chemical vapor deposition process to form a polysil- 
icon layer (not shown) over the top dielectric layer 206 
and then implanting dopants into the polysilicon layer. Al- 
ternatively, the dopants are added in-situ with the polysil- 
icon deposition. In general, P-type or N-type dopants may 
be implanted according to the particular fabrication pro- 
cess. 

[0024] As shown in Fig. 2D, a photolithographic and etching pro- 
cess is carried out to pattern out a gate structure 216. The 
gate structure 216 includes a patterned tunneling dielec- 



trie layer 202a, a charge-trapping layer 204a, a top di- 
electric layer 206a and a gate 208a. The top dielectric 
layer 206a includes the portions A and B. Furthermore, 
the top dielectric layer 206a has a different thickness in 
portion A and B. In other words, the top dielectric layer 
206a has parts with different thickness. 

[0025] As shown in Fig. 2E, an ion implantation is carried out us- 
ing the gate structure 216 as a mask to form lightly doped 
regions 214 in the substrate 200. Thereafter, spacers 210 
are formed on the sidewalls of the gate structure 216. The 
spacers 210 are silicon oxide layers formed, for example, 
by performing a chemical vapor deposition process to 
form a conformal silicon oxide layer (not shown) over the 
substrate 200 and covering the gate structure 216 and 
then performing an anisotropic etching operation. 

[0026] As shown in Fig. 2F, a doping operation is carried out us- 
ing the spacers 210 as a mask to form heavily doped re- 
gions 218 in the substrate 200. Thus, a multi-level mem- 
ory cell is formed. The heavily doped region 218 and the 
lightly doped region 214 together constitute a source/ 
drain region 212. The doping operation includes an ion 
implantation, for example. 

[0027] Fig. 2F shows a fully formed multi-level memory cell ac- 



cording to this invention. As shown in Fig. 2F, the multi- 
level memory cell includes a substrate 200, a tunneling 
dielectric layer 202a, a charge-trapping layer 204a, a top 
dielectric layer 206a, a gate 208a, a pair of spacers 210 
and a pair of source/drain regions 212. The tunneling di- 
electric layer 202a, the charge-trapping layer 204a and 
the top dielectric layer 206a made from silicon oxide, sili- 
con nitride and silicon oxide material respectively are se- 
quentially formed over the substrate 200. The tunneling 
dielectric layer 202a has a thickness between 20A to 40A. 
The tunneling dielectric layer 202a is a layer that facili- 
tates the tunneling of charges from the substrate 200 into 
the charge-trapping layer 204a through the Fowler- 
Nordheim tunneling effect. The charge-trapping layer 
204a having a thickness between 40A to 60A is used for 
capturing and holding electric charges. 
[0028] | n addition, the tunneling dielectric layer 202a, the 

charge-trapping layer 204a and the top dielectric layer 
206a together constitute a gate structure 216. The spac- 
ers 210 are formed on the sidewalls of the gate structure 
216. The spacers 210 are fabricated using an insulating 
material including silicon oxide, for example. The source/ 
drain regions 212 are located in the substrate 200 on 



each side of the gate structure 216. 
[0029] Note that the top dielectric layer 206a is divided into por- 
tion A and portion B. Since the top dielectric layer 206a in 
portion A has a thickness that differs from the one in por- 
tion B, the electric field strength between the gate 208a 
and the substrate 200 are different in these two portions. 
Hence, the electric field strength inside the charge-trap- 
ping layer 204a is different due to a different thickness in 
the top dielectric layer 206a between these two portions. 
When the memory cell is activated, charges are injected 
from the substrate 200 into the charge-trapping layer 
204a via the tunneling dielectric layer 202a due to the 
Fowler-Nordheim effect. The injected charges are retained 
within the charge-trapping layer 204a. Furthermore, the 
amount of charges injected into the charge-trapping layer 
204a is related to the electric field strength. In other 
words, during the memory programming operation, the 
electric field strength between the gate 208a and the sub- 
strate 200 in the portion with a thinner top dielectric layer 
206a is greater. Therefore, more charges will tunnel 
through the tunneling dielectric layer 202a into the 
charge-trapping layer 204a. Conversely, the electric field 
strength between the gate 208a and the substrate 200 in 



the portion with a thicker top dielectric layer 206a is 
smaller. Therefore, less charges will tunnel through the 
tunneling dielectric layer 202a into the charge-trapping 
layer 204a. Consequently, the amount of charges trapped 
within the charge-trapping layer of each portion is differ- 
ent so that a single memory cell can hold a multiple of 
data bits. 

[0030] Because the amount of charges trapped in the charge- 
trapping layer in portion A and portion B is different in 
this embodiment, two different threshold voltages can be 
used to activate a single memory cell. 

[0031] N 0 te that the top dielectric layer inside each multi-level 

memory cell according to this invention can be divided 
into a multiple of portions. Although the aforementioned 
embodiment has two portions with different thickness, 
there is no restriction on the number of portions in the 
top dielectric layer. 

[0032] Fig. 3 is a schematic cross-sectional view of a multi-level 

memory cell according to another preferred embodiment 
of this invention. All the elements in Fig. 3 identical to the 
aforementioned embodiment are labeled identically. Since 
the materials and method of fabrication are mostly identi- 
cal to the aforementioned embodiment, detailed descrip- 



tion is omitted. In this embodiment, the top dielectric 
layer 206a has three portions A, B and C with the top di- 
electric layer 206a inside each portion having a different 
thickness. When a voltage is applied to the gate, the elec- 
tric field strength between the gate and the substrate cor- 
responding to the portion A, B and C are all different. 
Thus, the amount of charges trapped within the charge- 
trapping layer in each portion is different. In this embodi- 
ment, three different threshold voltages can be used to 
activate a single memory cell. Therefore, the storage ca- 
pacity of each memory cell is further increased. 

[0033] with the top dielectric layer of the multi-level memory cell 

has at least two portions, the amount of charges stored in 
the charge-trapping layer of each portion is different. 
Hence, each memory cell can be activated by a group of 
different threshold voltage values so that multiple data 
bits are registered. In other words, the storage capacity of 
each memory cell is increased. 

[0034] K w j|| be apparent to those skilled in the art that various 

modifications and variations can be made to the structure 
of the present invention without departing from the scope 
or spirit of the invention. In view of the foregoing, it is in- 
tended that the present invention cover modifications and 



variations of this invention provided they fall within the 
scope of the following claims and their equivalents. 



